Objective: Pre-eclampsia is a placental disease of unknown cause. Maternal circulating concentrations of a number of protein markers are altered (mainly increased) in pre-eclampsia in comparison with controls of matched gestational age. Inhibin A and activin A were found to be elevated even before the onset of the disease. The aim of this study was to compare the levels of inhibin A, activin A: follistatin ratio, leptin, pregnancy-associated plasma protein-A (PAPP-A), human placental lactogen (HPL), placenta growth factor (PLGF) and pregnancy-specific b1-glycoprotein (SP1) in placental extracts of normal pregnant women and pre-eclampsia patients at term. Methods: Placental tissue from normal pregnancies ðn ¼ 14Þ and patients with pre-eclampsia ðn ¼ 13Þ were collected at term ($ 37 weeks of gestation) and stored at 2 80 8C. The frozen tissue pieces were homogenised and the above-mentioned proteins were measured by specific enzyme-linked immunosorbent assays. Results: Placental contents of inhibin A and PAPP-A were significantly higher ðP , 0:05Þ in preeclampsia placental extracts compared with the controls. Activin A:follistatin ratio was higher (23) in pre-eclampsia extracts than in the controls (15). Leptin, PLGF, SP1 and HPL levels were not altered in the term pre-eclampsia placenta. Inhibin A and PAPP-A contents were increased in the placental extracts of pre-eclampsia patients. Conclusion: Our data suggest that the placenta, possibly by a compensatory mechanism, is at least in part responsible for the altered serum levels observed in pre-eclampsia.
Introduction
Pre-eclampsia develops in late pregnancy and may result in maternal and fetal morbidity and mortality. Its cause is as yet unknown. The only treatment for pre-eclampsia is the delivery of the placenta, after which the symptoms regress rapidly suggesting it is a placental disease. It is associated with poor placentation with incomplete physiological adaptation of the spiral arteries, which prevents them from dilating to accommodate the increased utero-placental blood flow of late gestation (1) . It is believed that the maternal syndrome of pre-eclampsia (hypertension, proteinuria, oedema) results from a generalised inflammatory response, which causes maternal endothelial dysfunction (2) . This response is triggered by circulating factor(s), possibly released from the placenta by apoptosis of the syncytiotrophoblast.
The concentrations of several placental proteins, inflammatory cytokines and growth factors are altered in the maternal circulation of women with preeclampsia. Inhibins (a -b dimers) and activins (b-b dimers) are glycoprotein hormones belonging to the transforming-growth factor b superfamily. Follistatin is a high-affinity activin-binding protein. We and several others have previously shown that the levels of activin A (bA-bA dimer) and inhibin A (a -bA dimer) are significantly elevated in the circulation of women who have developed pre-eclampsia (3 -5) , and in women who subsequently develop pre-eclampsia compared with gestational age-matched control pregnant women (6 -9) . The placenta produces inhibin A and activin A with a marked increase towards term (10) (11) (12) .
The possible occurrence of abnormal serum levels of the 'new generation' pregnancy proteins, pregnancyassociated plasma protein A(PAPP-A) and pregnancyspecific b1-glycoprotein (SP1), have been previously studied in detail (for review see 13) . Raised PAPP-A concentrations in pre-eclampsia have been reported earlier (14, 15) . However, some discrepancy has remained (16) and PAPP-A, as well as SP1, have not been investigated further. Following a preliminary study (17) , we were able to confirm that serum PAPP-A but not SP1 levels were elevated in pre-eclampsia patients consistent with previous reports (14, 15, 18) .
Another hormone with a physiological role outside pregnancy but with increased serum levels during gestation is leptin, the product of the ob gene, which was first described in 1994 (19) . Leptin is released by peripheral adipocytes (20) and its serum levels correlate with body mass (21) . In pregnancy, however, it is also produced to a considerable extent by the placenta (22) , resulting in increasing concentrations with advancing gestation until the mid-third trimester (23) . It has been suggested that the placenta produces increased amounts of leptin under hypoxic conditions (24) . Hence this placental, supposedly body massindependent fraction of leptin (25) will be of interest in the investigation of pre-eclampsia, a condition where there is placental hypoxia.
Placenta growth factor (PLGF) is a recently described protein, which shares structural and functional properties with the vascular endothelial growth factor (VEGF). PLGF, in contrast to VEGF and the above-mentioned markers, was reported to be decreased in the serum of pre-eclampsia patients (26) , which could be explained by the observation that VEGF was up-and PLGF was down-regulated by hypoxia in various cancers and in vitro in trophoblast-derived cell lines (27, 28) . The similarities between PLGF and VEGF, which are mainly produced by endothelial cells besides its synthesis in the trophoblast (29) , render an assignment of PLGF production exclusively to the placenta in pregnant women rather improbable.
Maternal endothelial cell dysfunction is thought to be responsible for the observed life-threatening symptoms of pre-eclampsia (30, 31) . Nevertheless, it is speculated that the placenta is at the origin of the disease with insufficient trophoblast invasion and its consequences on vasculogenesis and oxygen delivery. Most studies have reported changes in placenta-derived factors in the maternal circulation. We have set out to investigate if there is any difference in the placental content of trophoblast-specific and associated markers in pre-eclampsia compared with normal pregnancies. Activin A was recently reported to be increased in placental (but not in other gestational) tissue of preeclampsia patients (32) . Our first group included SP1 and human placental lactogen (HPL, originating specifically from the placenta), and the second group contains markers that are produced mostly but not exclusively by the placenta in pregnancy (PAPP-A, inhibin A, activin A, follistatin, PLGF, leptin). Placental markers whose levels are reflected in the circulation can be useful as biochemical markers of pre-eclampsia before the onset of the disease.
Materials and methods

Placental tissue and extraction
Tissue samples were randomly cut from different parts of 27 placentae, extensively rinsed in sterile saline, snap frozen in liquid nitrogen and stored at 2 80 8C at the John Radcliffe Hospital in Oxford, UK. Ethical approval was obtained from the local ethics committee for this study. Fourteen of these placentae were from control pregnancies at term ($ 37 weeks of gestation) and 13 from women with pre-eclampsia at term ($ 37 weeks of gestation). Pre-eclampsia was defined as new, sustained diastolic blood pressure above 90 mmHg and new, sustained proteinuria with 500 mg protein/24 h urinary sample in the absence of urinary tract infection. Pre-eclamptic patients in this study fitted these criteria. The maternal age was 30:74 :9 (S.D.) in the control and 30:8^2:7 years in the preeclampsia group, and the maternal weight at delivery was 88:5^9:5 (S.D.) in the control and 88:0^13:5 kg in the pre-eclampsia group. Both groups included five primigravidae, and there was no difference in fetal weight, i.e. no infants were diagnosed as small for gestational age. Labour was uneventful in all cases.
The placental villi (164 -559 mg wet weight) were washed twice in 200 -400 ml Tris -Cl buffer, 20 mM, pH 7.4, NaCl, 100 mM and homogenised manually in four volumes (w/v) of the same buffer containing EDTA-free serine-/cysteine-protease inhibitor cocktail (Roche Biochemicals, diluted according to the manufacturer's instructions) in a serrated glass-Teflon homogeniser. The supernatant extract was collected after centrifugation (6000 g, 20 min, 4 8C) and the total protein concentration determined with the Bradford assay (Pierce, Lausanne, Switzerland) using human serum albumin as a standard. Extracts were divided into two to three aliquots and stored at 2 40 8C until quantitative analyses were performed in batch.
Analytical assay methods
All proteins were quantified in the extracts using double-antibody enzyme-linked immunosorbent assays (ELISA) based on 96-well plates. The methods were following either two-incubation (enzyme-labelled second antibody) or three-incubation (biotinylated second antibody followed by streptavidin -enzyme conjugate) protocols, with washing steps using phosphate-buffered saline (PBS) containing Tween-20 (Sigma) at 0.1% (v/v) (PBST) between steps.
PAPP-A and SP1
These 'new-generation' markers were determined in two-step systems developed in our laboratory as previously described for PAPP-A (33) and for SP1 (34) . For PAPP-A, the capture antibody had to be further purified by negative affinity chromatography (33) . Calibrators for both assays were prepared from pooled pregnancy serum standardised against the international reference preparation 78 -610 obtained from the World Health Organisation (Geneva, Switzerland). The placental extracts were assayed in duplicate at high dilutions (1:200 for PAPP-A and 1:2500 for SP1) since these tests were initially developed for use in early pregnancy. Second antibodies were covalently bound to horseradish peroxidase (HRP) and the substrate cocktail contained perborate and ortho-phenylene diamine (0.8 mg/ml). Intra-and interassay coefficients of variance at mid-standard concentration were 2.3 and 7.2% for PAPP-A and 4.1 and 8.7% for SP1 respectively. Spiking recovery for PAPP-A, measured at three different levels, was 97:2^4:0%: Matrix effects in the SP1 assay were avoided by the extremely high dilutions of the placental extract and calibrator serum in buffer containing 2% (w/v) bovine serum albumin (BSA); spiking recovery was 97:7^4:6%:
HPL
The two-step double-antibody ELISA used for HPL was also developed in our laboratory and described in detail elsewhere (35) . First (coating) and second (HRP-labelled) polyclonal antibodies were obtained from Dako (Glostrup, Denmark) and used without further modification. Calibrators from DPC (Los Angeles, CA, USA) were used as standards after further dilution in the assay buffer. Detection was as for PAPP-A/SP1. The assay has been demonstrated to yield comparable values for serum as well as for cell culture supernatants (36) .
Inhibin A
Inhibin A was measured using a two-site ELISA as previously validated for placental extracts (11). The minimum detection limit of this assay for human recombinant inhibin A (National Institute for Biological Standards, Potters Bar, Herts, UK) was 2 pg/ml. Intraand interassay coefficients of variation were 4.5% and 5.1% respectively.
Activin A
Activin A was measured using a two-site ELISA as described before (12) . It measures 'total' activin A (follistatin bound+unbound activin A, (37)). Dissociation of the binding proteins occurs in the sample preparation step as described before (38) . The assay has been previously validated for placental extracts (12) . The detection limit of this assay for human recombinant activin A (Genentech, San Francisco, CA, USA) was 50 pg/ml. Intra-and interassay coefficients of variation were 8.5% and 9.8% respectively.
Follistatin
Follistatin was similarly measured as 'total' analyte (free+activin bound) using a two-site ELISA as described elsewhere (39) . A dissociating buffer is used in the assay to remove the interference from binding proteins. The sensitivity of this assay was 20 pg/ml. Intra-and interassay coefficients of variation were 6.8% and 9.15% respectively. Placental homogenates diluted in parallel to the standards, and a spike recovery of 104^6:4% was found for recombinant follistatin in placental homogenates.
PLGF
For this protein, an ELISA was set up in our laboratory with antibodies purchased as 'matched pairs' (from R&D Systems, Abingdon, UK). Microplate wells were coated (100 ml) with the capture antibody at 2 mg/ml in PBS overnight at 4 8C and excess sites were blocked with BSA (0.5 mg/ml) in PBS for 2 h at room temperature. Placental extracts were diluted 1:5 in Blotto (0.5% w/v non-fat milk proteins in PBS, obtained from Pierce) and the plates incubated at 30 8C for 2 h with slow shaking (300 r.p.m.) in a Thermostar dry shaker/incubator. After washing the plates with PBST, the detection antibody (200 ng/ml in Blotto) was added and the wells incubated for another 2 h as before. We have found that antibody binding at 30 8C was higher than at 37 8C and, in addition, more consistent than at 25 8C or room temperature (authors' unpublished observation). After another washing step, an incubation (45 min, 30 8C, 300 r.p.m.) with streptavidin-conjugated HRP compound (Southern Biotech Associates, Birmingham, AL, USA), diluted 1:4000 in Blotto, was performed. After extensive washing (five steps) the colour was developed using single substrate 3,3 0 ,5,5 0 -tetramethyl benzidine solution (TMB; Zymed, USA) in a timed sequence at room temperature. The reaction was stopped after 20 -30 min with 2 M sulphuric acid, the plates were shaken and the optical absorbance was read at 450 nm against a 595 nm reference in a BioRad (Richmond, CA, USA) model 550 microplate reader. The calibrator (recombinant human PLGF) was obtained as a lyophilisate from R&D Systems and diluted in Blotto to a standard range between 1000 and 15.6 pg/ml in 1:2 serial steps. Intra-and interassay coefficients of variance at 100 pg/ml were 7.9 and 11.3% respectively.
Leptin
This protein was similarly assayed with an in-house three-step incubation ELISA and TMB detection method using a matched monoclonal antibody pair and recombinant human standard from R&D Systems (40) . The intra-and interassay coefficients of variance were 2.7 and 8.9% respectively.
Statistical analysis
For every tested marker the analyte content was expressed for each extract as per mg total protein.
These specific values were compared between the two groups with the Student's t-test after logarithmic transformation (except for the activin A to follistatin ratio which was not transformed) using a scientific statistics package (InStat; GraphPad, San Diego, CA, USA). Correlations between marker levels within the groups were obtained by linear regression analysis without logarithmic transformation. A P value of 0.05 was used as a cut-off for significance in all tests.
Results
The placental extract contents of PAPP-A, SP1, HPL, PLGF, inhibin A, activin A, follistatin and leptin, expressed per mg protein, are listed in Table 1 . PAPP-A was significantly increased ðP ¼ 0:0391Þ in the pre-eclampsia group compared with the unaffected controls whilst HPL and SP1 were not altered in preeclampsia patients (Fig. 1A -C) . Placental content of inhibin A was significantly elevated ðP ¼ 0:0453Þ whilst activin A was not significantly altered ( Fig. 1E and F) in pre-eclampsia patients compared with the controls. Follistatin levels were not different between controls and pre-eclampsia patients (Fig. 1G) . PLGF was not altered in our samples of pre-eclampsia cases compared with controls (Fig. 1D) . Leptin presented an extremely wide distribution particularly in the preeclampsia group (Fig. 1H) . Placental leptin did marginally correlate with the maternal weight at delivery in the pre-eclampsia group ðr ¼ 0:685; P ¼ 0:0419Þ but not in the control group. However, maternal weight at booking (early pregnancy) did not correlate with the leptin levels measured in the placenta.
In the pre-eclampsia group, there were no significant correlations between the parameters studied. In the control group, there was a significant positive correlation between inhibin A and activin A ðr ¼ 0:535; P , 0:05Þ; inhibin A and PAPP-A ðr ¼ 0:557; P , 0:05Þ; inhibin A and leptin ðr ¼ 0:575; P , 0:05Þ; activin A and leptin ðr ¼ 0:91; P , 0:001Þ and PAPP-A and leptin ðr ¼ 0:61; P , 0:05Þ (Fig. 2) . The correlation coefficients r and the P values for the individual groups are shown in Table 2 .
Discussion
After the onset of pre-eclamptic symptoms, serum levels of PAPP-A (14, 15, 17), inhibin A and activin A (3) are increased in comparison with normal pregnancies whilst PLGF levels are decreased (26) and the concentrations of SP1 and HPL are unchanged (17, 18, 41) . In this study, we have measured the concentrations of these proteins in placental extracts to specifically study the changes in the placenta in pre-eclampsia as serum levels reflect cumulative changes in all potential sources. We found that the placental content reflected the serum pattern for PAPP-A and inhibin A in preeclampsia, suggesting that the placenta is a source of the elevated circulating concentrations of these proteins in pre-eclampsia. The molar ratio of activin A to follistatin is $ 6.85 (median 15.8; Fig. 3 ) in normal pregnancy indicating that a considerable amount of biologically active 'free' activin A is available in the placenta. In pre-eclampsia, the increased activin A content further increased the molar ratio between activin A and follistatin (median 23.0; Fig. 3 ). In the maternal serum at term, however, follistatin has been reported to be in a tenfold excess over activin A (42), thus strongly reducing the level of free activin A. This suggests that free activin A may therefore have autocrine/paracrine actions in the placenta and could contribute to the pathology of pre-eclampsia. The increased activin A to follistatin ratio in the placenta, which is contrary to the circulation, also confirmed that our placental extracts had not been contaminated with maternal serum.
There is evidence for the feto-placental unit to be the major source of increased concentrations of inhibin A and activin A in the maternal circulation in early pregnancy (43) . We have shown that term cytotrophoblasts in culture secrete inhibin A and activin A (44). Trophoblast dysfunction is the primary problem in preeclampsia (1). It is thought that the maternal syndrome may be caused by oxidative stress (45) associated with spiral artery disease. It is unclear why inhibin A and activin A are increased in pre-eclampsia and whether they contribute to the aetiology of the disease. However, our recent study (44) shows that placental trophoblast secretion of inhibin A and activin A are stimulated in the presence of inflammatory cytokines that are increased in pre-eclampsia. Therefore, the rise in placental contents of inhibin A could be due to the autocrine/paracrine effect of high levels of inflammatory cytokines in pre-eclampsia. Inflammatory cells Table 2 Correlation coefficients (r ) and significance (P ) between various markers in control and pre-eclampsia samples as analysed by linear regression.
Controls (n ¼ 14)
Pre-eclampsia (n ¼ 13) also produce activin A (46) . Peripheral mononuclear cell secretion of activin A is increased in culture in the presence of inflammatory cytokines (47) . Preeclampsia is also characterised by an intense systemic inflammatory response (2) . Hence activin A may be derived from circulating inflammatory cells as well as the placenta. This may explain the lack of significance in the rise of activin A in pre-eclamptic placental extracts. The placenta does not exclusively produce PAPP-A and inhibin A, activin A and follistatin; the serum concentrations of these proteins increase during the third trimester in normal pregnancy when placental growth reaches a plateau and placental markers such as SP1 and HPL do not increase any further. In this study, however, it is precisely the placental content of PAPP-A and the inhibins that were increased in the pre-eclampsia cases compared with the controls. Moreover, positive correlations were observed between PAPP-A and inhibin/activin A ( Table 2) . On the other hand, there was no significant relationship between any measured proteins in this study in pre-eclamptic placentae ( Table 2 ), suggesting that the changes in pre-eclampsia are not parallel to the controls. There are several factors altered in pre-eclampsia (e.g. oxygen tension, cytokines and growth factors etc.) that could cause changes in the synthesis and secretion of placental proteins. It is evident from this study that in the diseased placenta the production on inhibin A, activin A, leptin and PAPP-A are differently controlled.
A semi-quantitative immunohistochemical study has shown increased staining for the inhibin a subunit in the cytoplasm of syncytiotrophoblasts in pre-eclampsia when compared with placentae from unaffected pregnancies (48) , an observation in agreement with this study as well as with the elevated contents of inhibin A (a -bA) and activin A (bA-bA) in the maternal serum. However, immunostaining with inhibin a subunit and or bA subunit does not confirm the presence of the biologically active dimeric inhibin A and/or activin A in the placenta. Recently, placental extracts from pre-eclampsia patients have been shown to have increased levels of activin A at term and pre-term compared with normal term controls (32) . Whilst, in our Table 2 ). study, the levels of activin A in the placental extracts at term in the cases were higher than in the controls, this did not reach statistical significance (5:60^0:78 ng=mg protein vs 3:67^0:58 ng=mg protein respectively). This difference in the observation may be due to the severity of the disease or tissue homogenisation method. However, this is the first study to investigate the concentrations of dimeric inhibin A and activin A:follistatin ratio in the placenta in pre-eclampsia. The increased placental content of inhibin A and PAPP-A in pre-eclampsia, together with the reduced levels of PLGF in the serum of affected pregnancies, suggests that the placenta is playing specific control functions even in the third trimester, and that the increased serum levels of these markers are not solely due to placental breakdown and increased release of components into the circulation, but also a result of increased placental production in preeclampsia. Placental compensation mechanisms that have been suggested in another pathological context (Down's syndrome) (49) (50) (51) may also function in pre-eclampsia as the placenta adjusts to an initial abnormal situation (e.g. invasion, small fetus or, in our case, secondarily to the changes induced by endothelial dysfunction).
Recent studies have shown that, in pregnancy, maternal circulating levels of leptin were higher than in non-pregnant controls (23) , and that in pre-eclampsia these levels were further increased in comparison with normal pregnant women even before the onset of the disease (52, 53) . The fetal compartment also contains higher levels of leptin, as shown in cord serum concentrations of fetuses of pre-eclamptic mothers (54) . This is the first study to report leptin levels in placental extracts from pre-eclampsia patients and its strong correlation with PAPP-A and activin A. We speculate that the placental production of leptin in pregnancy has its specific role, which could be endocrinologically connected to the stimulation of follicle-stimulating hormone (FSH) and luteinizing hormone (55), directly or via activin A.
The continued rising levels of PAPP-A and activin A in the third trimester of pregnancy may be linked to FSH, leptin and nutrition (56). We did not observe a statistically significant correlation between the maternal weight at delivery and the placental leptin content, indicating that this fraction is not dependent on the mass of adipose tissue. In the maternal serum, however, a strong correlation between leptin and the percentage of body fat was reported to persist even in late pregnancy (23) as in non-pregnant women (21) . This is casting doubt on the physiological importance of the placental contribution to the role of this hormone, and may point towards a paracrine action as suggested elsewhere (57) . The role of leptin in pregnancy, and its significance in pre-eclampsia and intrauterine growth retardation (IUGR) is not clear and requires further investigation. The expected negative correlation between leptin and PLGF, from the suggested up-regulation of the former and down-regulation of the latter under hypoxia, was only marginally demonstrated and the role of oxygen tension remains unclear. The situation is further complicated by the observation that mRNA levels for PLGF in placental extracts were elevated in pregnancies complicated by IUGR. The report suggests that 'placental hyperoxia' plays a role in IUGR and, to a lesser extent, in pre-eclampsia (58), supporting our observation.
In summary, it is increasingly evident that preeclampsia is a multisystem disease and the placental function is affected in the disease. Placental content of inhibin A and PAPP-A are significantly altered in pre-eclampsia patients compared with normal pregnant women at term. However, the abnormal levels of these growth factors, hormones and proteins in the maternal circulation may be a result of the different systems that are affected in pre-eclampsia. This could include differences in the cellular structure and content of endothelial cells, damaged to a varying degree, and modified haemodynamic patterns and vessel branching. Future studies on these proteins in pre-eclampsia should investigate the relative contribution of the immune system, endothelial cells, renal clearance and placental and decidual production to understand the mechanism(s) involved in the pathogenesis and altered maternal circulatory proteins in pre-eclampsia. 
